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1976. -From Wistar rats, data are presented which indicate that inbred females a) have a greater ability to clear particulate matter from the bloodstream than do males of the same strain; b) are significantly more resistant to two different forms of lethal circulatory stress (e.g., intestinal ischemia and whole-body trauma) than are males; and c) exhibit a greater resistance to undergo reticuloendothelial system (RES) phagocytic depression after both forms of lethal trauma than do males. Estradiol treatment of males, using either acute, massive (1 or 10 mg/kg) or multiple, low dose (10 or 100 pg/kg) regimens, confers trauma resistance on such animals. Such estradiol treated male rats exhibit hyperactive RES's. These estradiol-treated males, when subjected to either lethal ischemia or trauma, fail to demonstrate the early RES phagocytic depression seen in untreated controls. Untreated female as well as estradiol-treated male rats exhibit significantly higher arterial blood pressures post-trauma than do untreated male rats. Direct microscopic observation of rat mesenteries indicates that, in the late stages of lethal intestinal ischemia or whole-body trauma, the untreated females as well as the estradiol-treated males exhibit significantly less dilatation of microscopic capacitance vessels (i.e., venules) than do untreated male rats. The data reported herein could be used to suggest that estrogenic hormones may play pivotal roles in a) the amelioration of an organism's reaction to systemic stress; and b) control of macrophage and peripheral vascular functions. reticuloendothelial system; phagocytosis; microcirculation; microphage function; venous control; circulatory shock; trauma; vascular tone; blood pressure regulation; host defense ALTHOUGH ITIS GENERALLY BELIEVED that female mammals are more resistant to a number of diseases and stress than are male mammals, this information is fragmentary (16, 35, 38) . Moreover very little systematic, quantitative investigation has been made in regard to peripheral circulatory stresses such as hypertension, atherosclerosis, and circulatory shock (15, 16, 19, 28, (34) (35) (36) (37) (38) . Although estrogens may be important in maintaining vascular tone and blood pressure in circulatory stress (35), such supportive data at the peripheral vascular level of stressed animals are not available. Treatment of control rats with low doses of estrogens has recently been shown to selectively enhance arteriolar constrictor responses to neurohypophyseal hormones and catecholamines (1, 2) . Some years ago, Nicol and coworkers (22-25), using mice, found that estrogens could enhance the phagocytic function of the reticuloendothelial system (RES). They suggested that estrogens may be key hormones in host defense (23, 24) . During the past decade, considerable evidence has accumulated which suggests that resistance (or tolerance) of mammals to circulatory stress may be intimately related to RES phagocytic function (5-8, 14, 30-32, 40) .
With these points in mind, the present study was designed to determine whether sex and administration of synthetic estrogenic hormones could influence a) survival of rats (male and female) to different forms of lethal circulatory trauma; b) the phagocytic function of the RES in rats; and c) the tone of splanchnic microvessels of rats subjected to lethal forms of circulatory trauma.
METHODS
Animals, trauma models, and survival studies. Young, adult inbred male and female rats (Wistar strain, 165-185 g) were used for all of the studies. To reduce genetic variability as a factor (15), littermates were used throughout these studies. All of these animals were at least 70 days old. Sexual maturity is attained in rats by 50-60 days (11, 12) . No attempt was made in these studies to ascertain the phase of the estrous cycle the female rats were in at the time of experimentation.
Different degrees of bowel ischemia shock (6) were induced in lightly anesthesized (pentobarbital, 3 mg/lOO g im) untreated and estradiol-treated rats. In other experiments, lightly anesthesized (pentobarbital, 3 mg/lOO g im) rats, controls and estradioltreated, were subjected to whole-body trauma by using 400,600, or 800 revolutions of Noble-Collip drum trauma (NCDT) as d escribed previously (5). All animals were observed for 7 days for survival. The statistical validity of the survival data was assessed by means of the chisquare test. The estrogen, 17p-estradiol benzoate (Sigma Che mica1 Co.), was administered SC in sesame oil as either single, acute or multiple doses. The control animals received comparable volumes of the vehicle, SC sesame oil. Arterial blood pressure (femoral arterial cannulation) was carefully monitored in selected animals (controls and estradiol-treated) before and after bowel ischemia and NCDT.
RES phagocytic function. The procedure in these experiments essentially consisted of determining RES cytic indices were determined by measuring the rateof clearance of colloidal carbon (4 mg in calf skin gelatin/ 100 g body wt) (4, 5). The colloidal carbon utilized in these studies was Pelikan Cll/l43la (Gunther-Wagner, Hannover, Germany). Phagocytic indices were calcucytic indices were determined by measuring the rateof clearance of colloidal carbon (4 mg in calf skin gelatin/ 100 g body wt) (4, 5). The colloidal carbon utilized in these studies was Pelikan Cll/l43la (Gunther-Wagner, Hannover, Germany). Phagocytic indices were calculated lated where K is the phagocytic index and C, and C, are the colloidal carbon concentrations in mg/lOO ml of blood at t2 and tl. Means and SEM were calculated and K K log,, Cl log,, Cl -log,, c, -log,, c, = = tz -t, tz -t, where K is the phagocytic index and Cl and C, are the colloidal carbon concentrations in mg/lOO ml of blood at t2 and tl. Means and SEM were calculated and compared for statistical significance by the Student ttest. compared for statistical significance by the Student ttest.
Microcirculatory studies. Mesenteries of anesthetized male (untreated and estradiol-treated) and female rats were microscopic observation of capacitance vessels (i.e., muscular venules) before occlusion of the superior mesenteric artery and kept under physiological conditions according to procedures described previously (1, 4) . Although the microvessels of these bowel ischemia shocked animals could be followed before, during, and after shock, NCDT precluded using a similar protocol. Separate control and NCDT animals (untreated and estradioltreated) had to be used for direct microscopic observation of the muscular venules. We tried to minimize the inherent variability by a) making observations on at least three to five different muscular venules in each control and NCDT animal; and b) examining the muscular venules at the sites of origin of smooth muscle cells. In vivo microscopic observations for discrete Microcirculatory studies. Mesenteries of anesthetized male (untreated and estradiol-treated) and female rats were exteriorized for direct microscopic obexteriorized for direct servation of capacitance vessels (i.e., muscular venules) before occlusion of the superior mesenteric artery and kept under physiological conditions according to procedures described previously (1, 4) . Although the microvessels of these bowel ischemia shocked animals could be followed before, during, and after shock, NCDT precluded using a similar protocol. Separate control and NCDT animals (untreated and estradioltreated) had to be used for direct microscopic observation of the muscular venules. We tried to minimize the inherent variability by a) making observations on at least three to five different muscular venules in each control and NCDT animal; and b) examining the muscular venules at the sites of origin of smooth muscle cells. In vivo microscopic observations for discrete change in microvascular lumen sizes were made at magnifications up to approximately 3,000 times using an image-splitting television microscope recording system (9). Means and SEM were calculated and compared for statistical significance by means of the Student t-test or paired t-test. Mesenteric microvessels were studied since it is generally accepted that the splanchnic vasculature is one of the primary target areas in circulatory shock (20, 21, 39) . Lumens in muscular venules were chosen for quantitative evaluation since these microscopic capacitance vessels are thought to dysfunction in states of severe circulatory stress (17). change in microvascular lumen sizes were made at magnifications up to approximately 3,000 times using an image-splitting television microscope recording system (9). Means and SEM were calculated and compared for statistical significance by means of the Student t-test or paired t-test. Mesenteric microvessels were studied since it is generally accepted that the splanchnic vasculature is one of the primary target areas in circulatory shock (20, 21, 39) . Lumens in muscular venules were chosen for quantitative evaluation since these microscopic capacitance vessels are thought to dysfunction in states of severe circulatory stress (17).
RESULTS
Sex as a factor in survival and RES phagocytic function of animals subjected to bowel ischemia and trauma. Tables 1 and 2 sity of the circulatory stress is increased with both intestinal ischemia and drum trauma, respectively, there is a graded decrease in survival and RI& phagocytic function of both inbred male and female rats. In addition, these two tables clearly indicate that the inbred female rats a) have a greater ability to clear colloidal carbon particles from the bloodstream than inbred male rats of the same strain; b) are significantly more resistant to both the bowel ischemia and the NCDT than are the corresponding inbred male rats; and c) show a greater resistance to RES phagocytic depression after both bowel ischemia and NCDT. These data also indicate that the greater the degree of circulatory stress (e. g., LD), the greater the magnitude of early RES phagocytic depression.
Influence of estradiol-treatment on resistance of male rats to bowel ischemia and whole-body trauma. Table 3 indicates that male rats pretreated with single, acute massive doses of Up-estradiol (1 or 10 mg/kg), at least 8h not prior to being subjected to circulatory stress, but 2 h before stress, are sign .ificantly more resistan .t to bowel ischemia and NCDT than are untreated control male rats. In addition, the data in Table 3 suggest the possibility that the greater the pretreatment dose of 
to the increased susceptibility of the untreated inbred males to the lethal effects of bowel ischemia. Similar results were noted after NCDT. TABLE 3. Influence of acute pharmacologic doses of 17P-estradiol on survival of inbred male rats subjected to bowel ischemia and NCDT Sex, estradiol treatment, and tone of microscopic capacitance vessels of rats subjected to lethal circulatory stress. Considerable evidence has accumulated to suggest that in the late stages of circulatory shock and trauma, the small muscular venules in the rodent splanchnic vasculature dilate resulting in pooling and sequestration of blood in the capacitance side of the circulation (see 17 for review). In view of the latter, and the present findings, we thought it might be useful to determine whether or not sex hormones could influence the dilatory response of splanchnic capacitance vessels in the late stages of lethal circulatory stress. The data in Tables 7 and 8 indicate that the untreated females as well as the estradiol-treated males exhibit significantly less venular dilation then untreated male rats in late stages of bowel ischemia and NCDT. estradiol, the more resistant the male rats may be to bowel ischemia and NCDT. Table 4 indicates that if the estradiol is given in multiple doses (i.e., one dose every 12 h for a duration of 3 days) instead of a single, massive dose (Table 3) , a dose of as little as 10 pglkg of body wt (or in other words a total dose of 60 pg/kg) can effectively enhance resistance of male rats to bowel ischemia and NCDT. It is of some interest to note that a dose of 1 mg/kg twice a day for 3 days results in inducing a complete resistance (i.e., 100% survival) to both forms of lethal circulatory stress. RES phagocytic function in male rats pre treated with estradiol. The data in Table 5 indicate that when estra-NCDT Controls NCDT + estradiol 1 day diol is given to male rats in the same multiple dose regimens which we have shown will enhance survival after lethal circulatory stress (Tables 3 and 4) , RES phagocytic function can be enhanced up to 225% of control levels, depending on the dose-duration regimen.
The data in Table 6 indicate that when male rats are pretreated, at least 8 h before circulatory shock and trauma, with single, acute massive doses of estradiol (in regimens which protect animals against circulatory stress, Table 3), the usual early RES phagocytic depression seen in untreated control males (Tables 1 and  2 ) does not occur. (P < 0.03).
DISCUSSION
The present studies clearly demonstrate that inbred female rats of the Wistar strain are more resistant to the lethal effects of two different circulatory stresses than are inbred male animals of the same strain. Noble and Collip (26) as well as Hruza (18) also noted that female rats were more resistant to NCDT than males. The fact that pretreatment of male rats with either acute, single massive or multiple, low doses of 17p-estradiol (a naturally occurring estrogen in the rat and man) can effectively enhance resistance to at least two different forms of lethal circulatory stresses suggests to us that female sex hormones, rather than gonadotrophins, may be primarily responsible for the greater resistance of the inbred female rats. Several findings in the present report, when taken in concert with certain previous work, lead us to believe that the sexual differences in resistance to circulatory stress and trauma may be a reflection of the direct (or indirect) actions of female sex hormones on the RES and walls (smooth muscle cells) of peripheral blood vessels.
In this context, it is of interest to note that female sex hormones can a) influence RES clearance of particulate matter (present findings; 22-25); b) enhance clearance of bacterial and viral organisms from the bloodstream (23); c) raise serum levels of gamma globulin (23); and d) increase protection of experimental animals against virulent infections (23). These factors, in themselves, may be quite important in the observed differential resistance of inbred male and female animals to bowel ischemia and trauma for several reasons. 1) Retention (or improper clearance) of pathogenic bacteria is known to exacerbate mortality in circulatory stress and trauma (19, 30, 31, 33) . 2) Female mice are known to clear bacterial microorganisms at a more rapid rate than male mice of the same strain (22-24) ; the present study indicates that female rats are more resistant than male rats of the same strain in circulatory stress. 3) RES function is known to play an important role in resistance to the circulatory stresses used here (4-6, 8, 30-32, 39, 40) , as well as to circulatory stress in general (4-8, 14, 30-32, 39, 40) . 4) RES function is shown here not only to be more active in females than males of the same strain but can be enhanced by administration of estrogens (present findings; 22-25) . Moreover, the many vasoactive and toxic substances that are liberated by circulatory stress (for recent review see 20), including endotoxin, toxic peptides, and lysosomal enzymes, among others, might all act in concert on the RES causing a deleterious (or cytotoxic) effect on the RE cells thus lowering their potential capacity for phagocytosis and detoxification. In this context, it is known that rats with normally occurring, depressed RES's die when subjected to circulatory stresses which are normally nonlethal (5, 6, 8) . Enhanced RES function of female animals (and estradiol-treated males) could result in neutralization of these toxins. Animals with a normally functioning RES are known to be capable of metabolizing overwhelming amounts of lysosomal hydrolases without incurring any lethal effects (13, 14) . Although the present data do not directly indicate that est,rn---A " . gemc l-ml 1llUllG" --e-~--b "=QQ ran bring f,& &G&, Gur findings &m-onstrate that such sex steroids can a) result in restoration of normal RES function; b) prevent the early RES phagocytic depression, characteristic of shock syn- (4-8, 30, 32) , from becoming manifest; and c) steroids (e.g., cortisol, methylprednisolone) offer proresult in hyperactive function of this system within 8-tection against circulatory trauma (3, 4, 21, 27) as well 72 h after systemic administration.
In regard to the as benefically alter RES and microcirculatory function latter, it is known that estrogens can induce a variety (3, 4). This may not only be more than coincidental but of metabolic actions as early as 4-6 h after systemic may indicate that both types of steroids exert protecadministration (35). In addition, estradiol pretreattion through a common mechanism or pathway. Howment has been reported to stabilize lysosomal mem-ever, no data are presently available to determine branes (36) and to signi ficantly decrease serum acid phosphatase (a measure of lysosomal membrane rupwhether a common pathway exists for action of corticosteroids and estrogen the .lC s protect teroids #ive in ture) activity in male rats subjected to circulatory shock. shock (29). The latter findings support the idea that RE Overall, the present findings support the ideas that cells in the presence of estrogen would have better sex hormones may play important roles in control of phagocytic capabilities.
macrophage function (22-25)) peripheral blood flow, The actions of estrogenic hormones on the walls of and reactivity of vascular smooth muscle (1, 2, 10) . In blood vessels could also be invoked to explain the en-addition, the data presented herein stress the imporhanced resistance to circulatory stress seen in the pres-tance of 1) RES function in resistance and tolerance to ent study. Resistance or tolerance to circulatory stress lethal circulatory trauma; 2) venular tone in circulathe tendency of microscopic capacitance vessels to unand trauma dergo marked vasodilatation (Tables 7 and 8) in the could be attributed to a stabili inbred, untreated male rats subjected to bowel isty in vascular chemia and whole-body trauma could be used as supsmooth muscl port for the latter hypothesis. The fact that females .e cell responsiveness to circulating and estradiol-treated males maintain near-normal vasoactive substances and/or autonomic stimuli (21, 31, 33, 39) . Both the depression in blood pressures and blood pressures and venular tone when subjected to lethal circulatory stress (present findings) as well as sustain a more reactive vasculature than is found in untreated males (1, 2, 10) only lends additional support tory stress; and 3) sex hormones as pivotal factors in the amelioration of an organism's reaction to systemic vascular stress.
by estrogenic hormones may be due to the aforementioned RES-microcirculatory interactions, the present data do not rule out the possibility that other factors, metabolic or permissive in nature, could be important in ameliorating the lethal effects of bowel ischemia or NCDT (27). In any case, one would be hard pressed to say that the estrogen-induced RES and microcirculatory effects noted herein are merely coincidental to induction of circulatory shock resistance. Further investigation with sex hormones, in relation to circulaAlthough the beneficial effects on survival conferred to the idea that the female sex hormone in teractions with walls of peripheral blood vessels a re probably important in resistance of mammals to lethal circulatory stress.
One might be tempted to think that estrogenic hormones afford protection against circulatory stress through a release of adrenocortical hormones. The latter would appear to be unlikely for at least two reasons. First, on a weight basis, the protective effect of &radio1 is much greater than cortisol in both the kinds of stresses used here (3 4 21 271 Second miner-, alocorticoids do not afford &tection' *against 'circulatory trauma (19, 21) . It is, however, of some interest to note that both female sex steroids and adrenal cortico-
